A relation between reduced cerebral oxygen uptake (CMRO2), measured by the inert gas method of Kety and Schmidt (1) , and impaired mental function has been described in many clinical conditions. In patients with chronic degenerative cerebral diseases, such a relationship was first noted by Freyhan, Woodford and Kety in their study of aged psychotic patients (2) . This finding has since been confirmed by many investigators studying related clinical problems (3) (4) (5) (6) (7) . In general, a reduction of CMRO2 was found to be associated with a proportionate reduction of the cerebral blood flow (CBF).
These studies showed considerable overlapping between the values obtained in the deteriorated patients with organic brain disease and in the normal control patients. Recently, Lassen, Munck and Tottey reported a study of CBF and CMRO2 in middle-aged patients with mental impairment due to diffuse, degenerative brain diseases (8) . Compared to normal control subjects of similar age, all patients with organic dementia had subnormal CMRO2, while the CBF showed some degree of overlapping. Furthermore, the degree of reduction of CMRO2 corresponded roughly with the degree of mental deterioration. Psychological tests were employed to assess mental abilities in this study, while the krypton85 method was used to measure CBF and CMRO2 bilaterally, employing simultaneous sampling from the right and left internal jugular veins. These relatively minor variations of Kety and Schmidt's method (1) were found to be of value, as they appeared to increase the accuracy of the individual observations.
The demonstration of a close correlation between mental and metabolic deterioration in cere-bral function is of importance for the understanding of the pathophysiology of organic dementia. Since only 19 subjects were studied by Lassen and associates (8) it was considered desirable to collect more data of this kind. The present report is concerned with clinical and cerebral metabolic data from 25 subjects. The technique and the overall design of the study were similar to that used by Lassen and co-workers. It involved the independent physiological and psychological assessment of the subjects, data being compared only after completion of the entire study.
METHODS
Cerebral blood flow and oxygen uptake. The inert gas method of Kety and Schmidt (1) was used with the modification described by Lassen and Munck (9) . This modification employs a radioactive isotope of krypton (Kr') as the inert gas instead of nitrous oxide.
Each study had a duration of about 16 minutes during which time the subject breathed atmospheric air containing 0.1 ,uc Kr' per ml. A closed circuit system of 80 L was used. Blood samples were drawn from indwelling needles in the femoral artery and in both internal jugular veins. Twelve samples of 3 cc each were drawn anaerobically from each source for Kr' analysis ( Figure 1 ). These 36 samples and a blank sample drawn before Kr" inhalation were transferred into mica-walled cuvets and the radioactivity measured automatically by 4 Geiger-Muller tubes (9) . In order to avoid errors due to variations in erythrocyte sedimentation in the cuvets, the analyses were performed on hemolyzed blood; triton X-100 was used as the hemolytic agent (10) . After about 4 minutes of Kr' inhalation, samples were drawn for manometric 02 and CO2 analyses (11) , pH, and spectrophotometric 02 saturation determinations (10) . The arterial hematocrit was also measured and was used to calculate the partition coefficient for Kr" (9) . Clinical data and psychological mnethods. Twenty-five white male subjects were studied: 11 young normal subjects (Y) of average age 24 years; 5 old normal subjects (0) of average age 72 years; and 9 aged, mentally deteriorated subj ects (D) of average age 74 years. The young normal subjects were medical students. They were not examined clinically as it was assumed that none suffered from chronic brain disease of a degree sufficient to impair intelligence.
The two groups of aged subjects were selected and evaluated by a psychiatrist (I.F.) who was not made aware of the circulatory and metabolic data until completion of the entire study. The grouping of these subjects as normnal or deteriorated mentally was made on the basis of the overall clinical impression: the results obtained by psychometric tests were evaluated in relation to past history, emotional status (cooperativeness) and possible neurological defects. The aged subjects were selected so that the normal aged group was mentally well preserved and alert, whereas the deteriorated subj ects all manifested behavioral changes which clearly suggested chronic brain derangement (dementia), with signs of "senility" and confusion (see below).
The examination included: a) psychiatric interview; b) Wechsler's Adult Intelligence Scale (WAIS) (12); c) Raven's Progressive Matrices (13) (including adult and children's forms) ; d) Bender Motor Gestalt (14) ; and e) a digit memory test designed to reveal fluctuations in performance (described in Reference 8) . Some clinical data are given in Table I and test scores are listed in Table II . It will be noted that regarding school training and life occupation, no apparent difference existed between the normal and the deteriorated aged subj ects, an impression confirmed by the more detailed interviews.
Three of the five mentally normal aged subjects were paid volunteers (0, 02 and 04), and two were patients from the Geriatrics Ward of Saint Elizabeth's Hospital, Washington, D. C. (03 and 05). These two patients were hospitalized primarily because they had no one to care for them in the community. One of them (O6) had physical infirmity, whereas the other (0,) was admitted because of mental depression and excessive use of alcohol following his wife's death. Shortly after this patient's participation in the present study he was discharged from the hospital. The clinical impression of well preserved mental function in these five subjects was confirmed during the detailed interviews and by the results of the psychometric tests (Tables I and II) .
The nine mentally deteriorated aged subj ects were patients hospitalized on the Geriatrics Wards of Saint Elizabeths Hospital. Patients were sought whose hospital diagnosis was chronic brain syndrome and who manifested the characteristic symptoms of this illness, in the absence of focal neurological signs. A loss of memory more marked for recent than remote events was considered the distinguishing feature of organic brain disease. Emotional lability, defects in orientation, in comprehension and in judgment frequently accompanied the memory impairment. In addition, an attempt was made to exclude patients with a history of or with present evidence of such stigmata of functional mental illness as delusions, hallucinations, ideas of reference, and depersonalization. The endeavor to meet these ideal criteria in a hospital devoted primarily to the care of committed patients was not entirely successful. Thus one subject (D2) had a past history of auditory hallucinations and was considered to show minimal signs of resid 
DISCUSSION
In young normal adults, the average cerebral blood flow was 50 cc per 100 g per minute, and the cerebral oxygen uptake was 3.5 cc per 100 g per minute, when calculated to 10 minutes of inert gas inhalation. These values are similar to those reported by investigators using the nitrous oxide method (9, (18) (19) (20) (21) (22) . The extrapolated values, however, are somewhat lower with average values of 43 cc per 100 g per minute for cerebral blood flow and 3.0 cc per 100 g per minute for cerebral oxygen uptake.
As is evident from Table III , extrapolation caused a drop in calculated cerebral perfusion in all studies in normal subjects as well as in patients with organic dementia. An average decrease of about 15 to 20 per cent occurred, with subjects of lower perfusion showing the greater relative decrease. This decrease does not reflect a change in true cerebral perfusion since all studies were carried out in the steady state. Moreover, in all studies the cerebral venous oxygen saturation was measured on an additional blood sample collected at about the eleventh minute of inert gas inhalation; in no case was a marked change (decrease) noted when this value was compared to that obtained from the sample collected at about the fourth minute. Since the decrease in calculated cerebral perfusion value with increasing experimental duration is unrelated to changes in cerebral perfusion, it must be attributed directly to the method of study-the inert gas method.
The theory of inert gas uptake at the tissues, as reviewed by Kety (23) , enables us to understand this decrease. Declining values during an experiment carried out in the steady state stem from differences of inert gas uptake rates within the organ studied. Animal studies by Kety et al. (24) indicate that the white matter of the brain has a much lower perfusion rate than does the grey matter, and consequently has a slower gas uptake rate. Therefore, the brain itself may be the source of the observed heterogeneity of Kr85 uptake. Extracerebral contamination of internal jugular blood would also be expected to result in heterogeneous inert gas uptake. This contamination is probably of the order of only a few per cent in the average case (25) . Hence Whatever the origin of the observed unevenness of tissue Kr85 uptake, only extrapolation can give a theoretically valid estimate of the blood flow of the tissues. The extrapolation, however, must be correct, i.e., it must comprise the saturation characteristics of all tissues not yet saturated at the end of the experiment at 16 minutes of inert gas inhalation. The procedure we employ undoubtedly corrects to some extent the erroneously high 10 minute values due to uneven perfusion and the resultant difference between the average inert gas tension of the tissues and the jugular blood. Therefore, the extrapolated values will approximate more closely the "true" blood flow. But since it is possible that not all slowly saturating tissues have been adequately represented by the present technique of extrapolation, the values derived can only approximate this ideal. Moreover, extrapolation increases the random experimental error of the method. Thus it may be said that the values determined on the basis of an experimental duration of 10 or 16 minutes are more reliable than extrapolated ones, even though the latter give more valid estimates of true blood flow. In the following discussion both 10 minute and infinity values are mentioned, no special significance being attached to either. In most cases the same conclusion may be reached when using either set of values. It is worth noticing, however, that in the group of old normal subjects the extrapolated value for cerebral oxygen uptake was significantly reduced (p < 0.05), while the reduction of the 10 minute value just fell short of reaching statistical significance (0.05 > p < 0.10). While this difference may be due to chance it may also reflect the possibility that extrapolation actually gives a better estimate of the parameter sought.
The discussion above implies that in many studies employing an experimental duration of 10 minutes, the normal rate of cerebral blood flow and oxygen uptake has been overestimated by about 15 per cent. The values in subjects with low cerebral perfusion have been overestimated to an even greater extent.
The scatter of cerebral oxygen uptake values in the group of young normal adults is of some theoretical interest. In the present series, the standard deviation of extrapolated bilateral CMRO2 values was 0.2 cc per 100 g per minute or 7 per cent of the mean CMRO2 of 3.0 cc per 100 g per minute. The same value was found in a previous study using the same bilateral technique (26) . In order to compare this value to that of unilateral series the bilateral standard deviation must be corrected for the greater number of analyses involved, and a factor of 1/0.87 = 1.15 may appropriately be used (26) . The resulting corrected standard deviation of about 0.25 cc per 100 g per minute is significantly lower than that of about 0.5 cc per 100 g per minute reported in various unilateral series utilizing both the Kr85 method (9, 26) , and the nitrous oxide method (18) (19) (20) . On this basis, it may be concluded that the coefficient of variation of the random experimental error of determining cerebral blood flow and oxygen uptake in normal man is of the order of 7 per cent or less when the present bilateral method is employed. A maximum estimate of the random experimental error may also be obtained from the results of repeated bilateral studies. Combining the results of the three subjects in the present study with five cases reported previously (26), a coefficient of variation of 6 per cent is obtained.
The coefficients of variation mentioned above suggest a remarkable constancy of cerebral oxygen uptake; this parameter varies little when the same subject is studied repeatedly over a period of months. Moreover, in young normal adults no marked inter-individual differences seem to exist.
Before commenting on the results obtained in the two aged groups, it is worth noting that the side-to-side differences of cerebral blood flow and oxygen uptake (average 14 and 19 per cent, respectively) are in agreement with previous findings in bilateral studies (cf. References 1 and 26, and the discussion in 27).
Normal old age. The aged normal subjects had nearly the same average CBF as the young normal subjects, while the average bilateral CMRO, (infinity value) was 9 per cent lower than in young normal subjects. This decrease of CMRO2 was statistically significant (p < 0.05). Other investigators, using unilateral techniques, have found a moderate (21, 22) to severe (3) reduction of CMRO2 with age. However, the criteria of normality adopted in these studies are 497 not explicitly stated, and it is possible that the aged groups studied may have included some subjects whom we would have classified as deteriorated.
A study of CMRO in young and aged normal subjects was recently completed in this laboratory by Sokoloff (28) and Dastur and associates (29) . These investigators found no significant reduction of CMRO2 in their aged group. However, their methods differed in that they used the unilateral N2O technique without extrapolation, and their criteria of normality were more stringent than our own. ( Organic dementia. The patients with organic dementia had bilateral cerebral oxygen uptake values which were markedly lower than those found in young normal subjects. The separation of the demented subjects from the aged normal control subjects was not as sharp; however, the latter may be considered to be cases of borderline chronic brain syndrome according to the above discussion. The various observations in the group of mentally deteriorated patients gave no indication of the etiology of the presumably degenerative cerebral affliction causing the fully developed chronic cerebral syndromes. As noted in the description of the patient material, no clinical clues existed either. There was, in particular, no reason to suspect cerebral vascular disease to be of general etiological importance. For a more extensive discussion of the etiological role of cerebral arteriosclerosis in organic dementia the reader is referred to a recent review (27 (30) . It may signify some degree of gross localization of cognitive function, so that a left-sided cerebral lesion is of greater consequence for the development of dementia than is a comparable right-sided lesion.
SUMMARY
Cerebral oxygen uptake was determined in 11 young normal adults, 5 aged normal subjects, and 9 aged subjects suffering from organic dementia. The bilateral Kr85 modification of the inert gas method was employed. Mental function was assessed in the two aged groups by means of psychiatric interview and psychometric tests. The following results were obtained: 1. In the young normal adults the cerebral oxygen uptake was in average 3.5 cc 02 per 100 g of brain per minute when the values were calculated corresponding to 10 minutes of inert gas inhalation. This result is in agreement with the findings of previous investigators. However, employing extrapolation to infinity, a mean value of 3.0 cc 02 per 100 g per minute was found. Similar differences between 10 minute and extrapolated values were found in the two aged groups. The causes of these differences were discussed.
2. The aged normal subjects had an average age of 72 years and an average cerebral oxygen uptake which was 9 per cent below the level in young normal subjects (p < 0.05). This small reduction in cerebral oxygen uptake is considered to be a metabolic manifestation of an incipient degenerative cerebral disorder whose functional expression is the decline in mental function in normal subjects with advanced age.
3. The nine subjects with organic dementia (average age 74 years) had a cerebral oxygen uptake which was significantly reduced below the level in the young and aged control groups. The two subjects with the greatest degree of mental impairment also had the lowest values for cerebral oxygen uptake-values about 40 per cent below the level in young normal adults. The seven subjects with less severe mental defects had a more moderate reduction in cerebral oxygen uptake-in average, about 20 per cent below the level in young normal adults. 4 . The reduction of cerebral oxygen uptake is considered to be a rough quantitative measure of cerebral degenerative lesion revealed functionally by the dementia.
